Increasing prevalence of coral bleaching and disease
Corals form a symbiosis with microscopic algae (Symbiodinium spp.), which are the primary carbon source of their host through translocation of photosynthates. The loss of these intracellular symbionts is referred to as coral bleaching, causing the coral tissue to pale and resulting in a vulnerable state of the coral animal 1 .
In recent years, coral bleaching and diseases have increasingly contributed to coral mortality for a number of reasons. First, warm seawater temperature anomalies that lead to mass bleaching events have increased in frequency and have left corals less time to recover 2 . Such temperature anomalies have been associated with higher disease incidence, possibly due to increased activity of pathogenic bacteria at elevated temperatures combined with reduced immunocompetence of stressed corals 3 . Second, the growing spatial scale of anthropogenic impacts on coral reefs such as reduced water quality 4 and tourism activities 5 have also been linked to higher disease prevalence. For example, up to 15-fold higher coral disease prevalence was reported on reefs in the Great Barrier
Reef that had tourist platforms compared to those without 5 . Third, the frequency and severity of cyclones and crown-of-thorns starfish predation have increased; these disturbances cause breakages and injuries to corals and provide entry points for pathogenic microorganisms 6, 7 . Despite the increase of coral disease occurrence, the tools required for rapid diagnostics are still lacking and management strategies to prevent and mitigate coral disease outbreaks are largely inadequate 8 . Of prime concern is that causative agents have not been identified for the majority of the described coral diseases. While a few known scleractinian coral pathogens are bacteria 9 , the role of viruses in coral health and disease has barely been examined.
Virus diversity in corals
Coral-associated virus communities are highly diverse and comprise bacteriophages, archaeal and eukaryotic viruses [10] [11] [12] . Despite this diversity, only a smaller subset of taxonomic groups are commonly found in corals, including bacteriophages belonging to the order of the Caudovirales, and eukaryotic nucleocytoplasmic large DNA viruses (NCLDVs) belonging to the families Phycodnaviridae, Mimiviridae, Poxviridae and Iridoviridae, as well as
Polydnavridae and Retroviridae
10-12
. The coral-associated viral diversity shows that viruses could infect all cellular members of the coral holobiont, i.e. the coral animal, algal symbionts and all of its other microscopic and macroscopic symbionts.
Eukaryotic viruses in coral disease and bleaching
Although over 20 coral diseases have been described, none of them are unequivocally shown to be caused by a eukaryotic virus that directly infects the coral animal or symbiotic algae ( Figure 1A ). ). Transcripts of the ssRNA virus were shown to be present at high abundance in a heat-sensitive Symbiodinium culture, while they were barely detectable in a conspecific heat-tolerant culture, suggesting Symbiodinium and perhaps coral thermal tolerance is linked to the presence of this virus 19 . In order to progress the research in the field, PCR primers have been designed to assess presence and diversity of the ssRNA virus; these primers can potentially be modified for virus quantification during in situ coral bleaching events 20 .
The potential roles of bacteriophages in coral disease
The mechanisms by which lysogenic and lytic bacteriophages interfere with or contribute to coral disease pathogenesis are Roseofilum reptotaenium and Geitlerinema sp., two species dominating the black band disease mat in terms of biomass 24 .
These findings suggest the cyanobacteria are regularly infected by bacteriophages and that phages may play a role in the disease development 24 .
Viruses may also have positive effects on coral health, such as purely lytic bacteriophages 25 . Specific bacteriophages that target pathogenic bacteria may form part of the natural coral microbiome and confer some disease resistance by preventing bacteria from excessive proliferation ( Figure 1C ) 26 . Lytic bacteriophages have been applied successfully in lab-based phage therapies for the treatment of several bacterial coral diseases, e.g., white syndrome caused by
Vibrio coralliilyticus strains 27, 28 . The promising potential of phage therapy to treat a coral disease has been showcased, for instance, through the effective mitigation of white plague-like progression and transmission to other corals, during both a seven-week field experiment 29 and a 21-day laboratory experiment 27 .
Conclusion and progress
Although viruses might contribute key aspects to coral bleaching and diseases, our understanding of this field of research is still scant. In Focus
